Contrary to the reduction of depressive-like behavior observed in several strains of cytokine receptor knockout mice, mice lacking the specific receptor for interleukin (IL)-15 showed increased immobility in tail suspension and modified forced swimming tests. There was also a reduction in social interactions. The hippocampus of the IL15Rα knockout mice had decreased mRNA for 5-HT 1A , increased mRNA for 5-HT 2C , and region-specific changes of serotonin reuptake transporter (SERT) immunoreactivity. Fluoxetine (the classic antidepressant Prozac, which inhibits 5-HT 2C and SERT) reduced the immobility of the IL15Rα knockout mice in comparison with their pretreatment baseline. Together with the unchanged performance of the IL15Rα knockout mice on the rotarod, this response to fluoxetine indicates that the immobility reflects depression. Wildtype mice responded to IL15 treatment with improvement of immobility induced by forced swimming, whereas the knockout mice failed to respond. Thus, the cognate IL15 receptor is necessary for the antidepressive activity of IL15. In ex-vivo studies, IL15 decreased synaptosomal uptake of 5-HT, and modulated the expression of 5-HT 2C and SERT in cultured neurons in a dose-and time-dependent manner. Thus, the effect of IL15 on serotonin transmission may underlie the depressive-like behavior of IL15Rα knockout mice. We speculate that IL15 is essential to maintain neurochemical homeostasis and thereby plays a role in preventing neuropsychiatric symptoms.
Introduction
This study addresses the functions of interleukin (IL)-15 in the brain by analyses of neural behavior and serotonin transmission in the hippocampus of knockout (KO) mice lacking a functional IL15Rα, the specific receptor for IL15. IL15 is a 14 kD cytokine produced by essentially all types of cells in the body. It belongs to the 4-helix-bundle family of cytokines, plays an essential role in immune cell functions, muscle and bone growth, and adiposity (Satoh et al. 1998; Fehniger and Caligiuri 2001; McInnes and Gracie 2004; Budagian et al. 2006) . Few studies have addressed the role of IL15 in the central nervous system (CNS). IL15 is expressed in glial cells (Lee et al. 1996) , and it enhances non-rapid eye movement sleep in rabbits after intracerebral administration (Kubota et al. 2001) . IL15 or its receptors can be induced by proinflammatory and autoimmune challenges at the blood-brain barrier and different CNS regions (Pan et al. 2008b; Hsuchou et al. 2009b; Wu et al. 2010c; 2010d) . In patients with multiple sclerosis, IL15 concentrations are increased in their cerebrospinal fluid (Rentzos et al. 2006) . IL15 binds to its specific receptor IL15Rα as well as to its co-receptors IL2Rβ and IL2Rγ that can also be used by other cytokines in this family. Typically, IL15 binding recruits the high-affinity heterotrimeric receptor complex and results in JAK/STAT signaling in the target cells (Pereno et al. 2000; Fehniger and Caligiuri 2001) ). We have shown that IL15Rα KO mice have deficits in hippocampal dependent memory and GABA transmission . and disturbed circadian rhythms of thermoregulation, locomotor activity, and energy metabolism (He et al. 2010b) . Opposite to what would be expected, the IL15Rα KO mice show astrogliosis and microgliosis in the hippocampus, and exhibit reduced normal anxiety in open field and elevated plus maze tests . By contrast, IL15 ligand KO mice show more severe symptoms in experimental autoimmune encephalomyelitis (EAE), whereas IL15 treatment has protective effects after peripheral injection (Wu et al. 2010c ). These results suggest that IL15 and its signaling through IL15Rα may play an essential role in normal CNS functions.
IL15Rα in the brain can be upregulated by lipopolysaccharide (Pan et al. 2008b ) and EAE (Hsuchou et al. 2009b ). However, IL15 appears to have opposite functions from proinflammatory cytokines. Tumor necrosis factor α (TNF), interferons, IL1β, and IL6 have all been shown to promote sickness behavior and depression (Dantzer et al. 2008) . Both TNF and IL1β exacerbate hippocampal dependent memory in a dose-dependent manner (Rachal et al. 2001; Yirmiya et al. 2002; Goshen et al. 2007 ). IL15 and these proinflammatory cytokines can all cross the blood-brain barrier to exert CNS actions (Gutierrez et al. 1993; Banks and Kastin 1996; Pan et al. 1997a; 1997b; Pan and Kastin 2002) . We have also observed that IL15Rα KO mice show fearlessness and improved performance in the open field and elevated plus maze tests, indicating that an intact IL15Rα may be essential for anxiety-like behavior . By contrast, TNF KO mice show increased anxiety, reduced immobility in forced swimming, and greater serotonin turnover, and are thought to exhibit inappropriate coping responses when facing severe stressful situations, rather than reduced depression (Yamada et al. 2000) . Both TNFR1 KO and TNFR2 KO mice show a reduction of depression with increased mobility in the forced swimming test (Simen et al. 2006) . Therefore, we speculated that IL15Rα KO mice exhibit increased depression, opposite to that seen in KO mice lacking proinflammatory cytokines or their receptors. This would suggest that IL15 acts as an endogenous antidepressive cytokine. The findings from the KO mice reported here are supported by studies in normal mice and tissue preparations treated with IL15.
The cognate cytokine IL2, which shares two receptor subunits with IL15, has shown effects in anxiety and exploratory behavior after microinjection into the striatum. It dosedependently increases rearing activity and open arm entries in the elevated plus maze test (Pawlak and Schwarting 2006) . In bipolar patients during the manic phase, there is an increase of soluble IL2R concentrations in plasma (Tsai et al. 2001) . Cancer patients receiving chronic subcutaneous IL2 show significantly increased scores on the clinical scale of depression and psychasthenia accompanied by an increase in conversion hysteria and psychopathic deviation, suggesting that IL2 has psychoactive properties (Pizzi et al. 2002) .
This further strengthens the rationale to study the neurobehavioral and biochemical changes of IL15Rα KO mice in this study.
Materials and Methods

Measurement of depressive-like behavior in mice
All studies were performed following a protocol approved by the Institutional Animal care and Use Committee. IL15Rα KO mice (B6;129X1-IL15ra tm1Ama /J, stock number 003723 from Jackson Laboratory, Bar Harbor, ME) were studied at age 2.5 -3.5 months along with their matched controls (B6.129SF2/J, stock number 101045, also from Jackson Laboratory) (n = 9 /group). The mice were housed in the animal care facility for at least three weeks before testing. Female and male mice were studied separately. The mice were subjected to several behavioral test regimens with one-week intervals between the tests (n = 9 /group, 9 -12 wk old).
The water wheel test is a modified Porsolt forced swim test more suitable for mice (Nomura et al. 1982; Kastin et al. 1984 ) with minor modifications. The apparatus consisted of a plexiglass water tank (19×10×13.5 cm) with a water wheel in its center. The water wheel was made of a plexiglass shaft (diameter 3 cm, length 10 cm) with 8 paddles (width 0.5 cm). The tank was filled with water (25 ± 1 °C) to a height of 9 cm, with the paddle blades just resting on the surface. After the mouse was placed in the water tank, the number of rotations of the water wheel was counted for the next 5 min.
The tail suspension test was performed as described previously (Steru et al. 1985) . The mouse was subjected to a short-term inescapable stress of being suspended by the tail. This resulted in an immobile posture that varies in duration depending on the state of depression. A horizontal bar was placed 60 cm above the counter. The tail of the mouse was taped to the bar. Climbing behavior and immobility were videotape monitored for 6 min. The duration of immobility (defined as the absence of all movements except for those required for respiration) in each minute was measured, and the cumulative immobility at 2, 4, and 6 min intervals is presented.
A simplified social interaction test paradigm (Signoret et al. 2000) was used. A test female mouse was introduced to a cage where another female mouse resided. The number of sniffs by the test mouse was recorded over the course of 5 min. Groups of IL15Rα KO and control mice were studied simultaneously (n = 9 /group). This test used only female mice, since hyperactivity and aggression in male mice could invalidate part of the test.
To rule out the difference in locomotor activity and coordination between the groups that might have accounted for the difference in immobility tests, KO and wildtype controls (n = 10 /group, all females) were subjected to the rotarod test (Columbus Instruments, Columbus, OH). The rotarod was accelerated from 4 to 40 rpm in 5 min, and the latency of the mouse to fall off was recorded. In the pretraining period on the accelerating rotarod, a mild electrical shock was applied when the mouse fell onto the floor. Each mouse went through three consecutive trials, and the longest time on the rotarod was used for analysis.
To determine the effect of antidepressant treatment on mouse behavior, groups of IL15Rα KO and wildtype mice (n = 9 /group) were subjected to pretesting in the tail suspension module, rested for 1 wk, and then were injected with fluoxetine (20 mg/kg) intraperitoneally. Thirty min later, the mice were retested and monitored for immobility during the 6 min duration of tail suspension. Each group contained 5 male and 4 female mice; since there was no gender difference, the data were combined. The dose and dosing regimen of fluoxetine are based on the literature that fully characterizes its antidepressive activity, serum and brain concentrations, and serum protein binding (Holladay et al. 1998 ).
To determine whether IL15 treatment directly affects depressive-like behavior, normal B6 mice (n = 9 /group, 3 m old) were subjected to the Nomura water wheel test and then received IL15 (100 ng/mouse/d intraperitoneally for 3 days, R & D Systems, Minneapolis, MN). They were tested again 24 h after the last dose of treatment. To compare and show the specificity of the response, IL15Rα KO mice (n = 5 / group, 2 m old) were treated in the same way.
Liquid chromatography-tandem mass spectrometry (LC-MS) analysis
The concentrations of serotonin (5-HT) and its main metabolite 5-hydroxyindoleacetic acid (5-HIAA) were determined in snap frozen hippocampal homogenates from IL15Rα KO and wildtype mice (n = 5 /group, each sample representing one mouse). Liquid chromatographytandem mass spectrometry (LC-MS) analysis was performed by a contractual service (Drumetix Laboratories, Greensboro, NC). The analysts were blinded to treatment groups. Tissues added with 5M ammonium acetate were homogenized on ice by sonication. Two hundred microliters of the homogenate was transferred into a new tube followed by addition of 20 µL of 20 µM 5-HT-d4 as internal standard. After centrifugation at 10,000 rpm, the supernatant of the samples was injected onto a Primesep 200 column (5 µm, 2.1×50 mm) (SIELC Technologies, Prospect Heights, IL). A gradient elution from 0.2 % formic acid 20 mM ammonium acetate in water to 0.2 % formic acid 20 mM ammonium acetate in methanol was conducted at a flow rate of 0.25 ml/min. The run time was 9.5 minutes in total. The signals were detected by multiple reaction monitoring with electrospray interface in positive ion mode. The concentration of 5-HT was quantified by use of a standard curve ranging from 0.02 to 50 µM.
Immunohistochemistry (IHC)
To determine the changes of SERT in the hippocampus, IL15Rα KO mice were anesthetized by intraperitoneal urethane, perfused intracardially with phosphate-buffered saline (PBS) and 3 % paraformaldehyde, and processed for IHC as described previously (Pan et al. 2008a; Hsuchou et al. 2009a) . A rabbit polyclonal anti-SERT antibody (AB9726, Millipore, Temecula, CA) was used for the staining. The specificity of the signal was confirmed by the lack of fluorescence in sections incubated with secondary antibody only.
Quantitative PCR (qPCR)
Total RNA from the hippocampi and GT1-7 cells was extracted with the RNeasy mini kit. After digestion with DNase I to eliminate trace amounts of DNA contamination, the total RNA was purified with an RNA clean up kit (Zymo Research, Orange, CA) and quantified at 260 nm with a Bio-Rad spectrometer (Hercules, CA). Reverse transcription of the total RNA was conducted with a High Capacity cDNA Transcription Kit (Applied Biosystems, Foster City, CA). Real-time PCR amplification of 5-HT 1A , 5-HT 2C , 5-HT 7 receptors, SERT, and the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was measured with Power SYBR Green PCR Master Mix (Applied Biosystems). The level of expression of the target genes was normalized to that of GAPDH in the same sample. All primers used for amplification are listed in Table 1 .
Effect of IL15 treatment on synaptosomal uptake of [ 3 H]5-HT
Synaptosomes were prepared from the forebrain (including hippocampus and the entorhinal cortex where the perforant path originates) of normal mice following standard protocols (Inazu et al. 2001) . In 96-well plates (n = 5 /group), synaptosomes (2 mg/ml, 100 µl/well) were treated with IL15 (10 ng/ml) or PBS vehicle for 30 min at 37 C. [ 3 H]5-HT (Perkin Elmer, Boston, MA, 100 nM final concentration) was added and incubated for another 20 min with constant agitation. Each sample contained triplicated wells, and their values were averaged to obtain the value for the particular sample. Nonspecific binding was determined by inclusion of two additional groups in the presence of 1000-fold excess of unlabeled 5-HT. Synaptosomal uptake of [ 3 H]5-HT was collected after rapid filtration of the mixture on glass fiber-B filters by use of a cell harvester. Radioactivity was determined after addition of Betaplate scintillation cocktail, on a 1450 MicroBeta TriLux Microplate Scintillation and Luminescent counter (Perkin Elmer).
In the study to determine the effect of IL15Rα deletion on 5-HT uptake, synaptosomes where obtained from the forebrain of wildtype or KO mice (n = 5 /group). The synaptosomes were incubated with [ 3 H]5-HT for 30 min at 37 °C as described above, along with additional groups to determine nonspecific binding. The synaptosomal internalized and unbound portions of [ 3 H]5-HT were separated by filtration, and the radioactivity on glass fiber-B filters (synaptosomal fraction) was determined.
Effect of IL15 treatment on 5-HT and SERT expression in culture GT1-7 neurons
The immortalized mouse hypothalamic neuronal cell line GT1-7 was maintained in DMEM supplemented with 10 % fetal bovine serum, penicillin (100 U/ml) and streptomycin (0.1 mg/ml), and was incubated in 5 % CO 2 at 37 °C. Before IL15 treatment, GT1-7 cells were serum starved for 16 h in DMEM medium without any antibiotics. Afterwards, cells were treated with IL15 at either 10 or 100 ng/ml, and harvested at 0, 10 min, 30 min, 1 h, 6 h, and 24 h with protein lysis buffer containing protease inhibitor cocktail. The 0 min was the untreated control. Protein lysates were cleared by ultracentrifugation, and quantified by bicinchoninic acid assay. Forty µg of protein was electrophoresed and transferred to a nitrocellulose membrane. The following antibodies were used for western blotting (WB): rabbit polyclonal against the 46 kD 5-HT 1A (1:500, Abcam, Cambridge, MA), the 51 kD 5-HT2C (1:300, Abcam), the 65 kD SERT (1:400, Abcam), and a mouse monoclonal antibody against the 42 kD indoleamine 2,3 dioxygenase (IDO), an enzyme catalyzing the degradation of the essential amino acid L-tryptophan to N-formylkynurenine. The antibody was from Santa Cruz Biotechnology (Santa Cruz, CA) and used at 1:200 dilution. The internal control, β-actin, was also probed. Relative expression of the 5-HT related proteins was quantified by densitometric analysis by use of NIH Image J program, and expressed as the gray density of target protein /β-actin ratio.
For mRNA analysis, the cells were harvested at 0, 10 min, 30 min, 1 h and 3 h after IL15 stimulation (n = 3 /time point). The 0 time was the untreated control. The cells were incubated with RNA lysis buffer containing β-mercaptoethanol and collected for further gene expression analysis.
Statistics
Means are presented with their standard errors. The data were analyzed by two-way or oneway analysis of variance (ANOVA) or t-test where appropriate.
Results
IL15Rα KO mice show increased immobility in tests for depressive-like behavior
Porsolt forced swimming is a classical test to determine depressive-like behavior (Cryan et al. 2002) . Since some strains of mice do not show optimal responses in this test in our past experience, we used the Nomura water wheel test as a modified forced swimming test (Nomura et al. 1982; Kastin et al. 1984) . The number of full rotations of the water wheel paddled by the mice was recorded. In female and male KO and wildtype groups (n = 8 / group), all mice showed more activity at the beginning of the 5 min test but more time floating immobile at the end, indicating the lack of basal deficit in locomotion. There was no difference between female and male mice of the same strain. At 3-4 min, there was a reduction of paddling time in the KO mice. It was so dramatic that at 4-5 min both female and male KO mice showed no purposeful movement (Fig. 1A) . The rotarod test, an additional measure of locomotor coordination, showed that the increased immobility of the KO mice was not caused by a reduction of muscle strength or locomotor activity since there was no significant difference [F(1,17) = 1.96, p > 0.05] between female KO and wildtype mice in the accelerating rotarod. The falling latency was greater than 3 min (inset fig. 1A) , and the KO mice seem to stay on the rotating rod even longer though there was no statistically significant difference.
Two-way analysis of variance was performed on the activity data in the last 2 min (interval of 3 -5 min), a standard time to access immobility in the Nomura water wheel test. There was an overall effect but no interaction between strain and gender [F(1,28) 
There was a significant effect of strain [F(1,28) = 22.9, p < 0.0001], whereas gender had no effect [F(1,28) = 0, p > 0.05]. The KO-induced change was significant in both female (p < 0.01) and male (p < 0.05) mice (Fig. 1B) . Thus, the KO mice showed a major increase of immobility in comparison with the control strain.
In the tail suspension test (Steru et al. 1985) , a control mouse typically attempts to reverse its body position by lateral movements. Immobility is defined as an absence of initiated movements. Groups of IL15Rα KO mice and wildtype controls (n = 9 /group) were observed and scored continuously for 6 min. The cumulative immobility at three time intervals is shown in figure 1C . The KO mice showed an increase of immobility at all times, including 0-2 min [F(1,17) = 10.3, p < 0.01], 0 -4 min [F(1,17) = 18, p < 0.005], and 0-6 min [F(1,17) = 11.6, p < 0.005].
In the social interaction test (Fig. 1D) , the IL15Rα KO mice had a significant reduction of sniffing interactions during the 5 min observation period [F(1,16) = 11.9, p < 0.005]. Overall, these three tests reflect different aspects of the depressive-like behavior of the IL15Rα KO mice.
Defective serotonin (5-HT) transmission in the hippocampus of IL15Rα KO mice
In hippocampal homogenates, the level of 5-HT was 3.56 ± 0.27 nmol/g in the wildtype mice and 3.12 ± 0.11 nmol/g in the KO mice. The decrease was not statistically significant. There was no difference in its major metabolite 5-HIAA or the 5-HT/5-HIAA ratio. A repeat study with another set of samples (n = 5 /group) also failed to show significant changes.
In the hippocampus of the KO mice, there was a reduction of serotonin receptors known to mediate antidepressive effects. The mRNA for 5-HT 1A ( Fig. 2A ) was significantly lower in the hippocampus of the KO mice [F(1,7) = 12.9, p < 0.01]. By contrast, the mRNA for 5-HT 2C (Fig. 2B ) was increased [F(1,8) = 6.1, p < 0.05]. Activation of 5-HT 1A alleviates depression whereas activation of 5-HT 2C contributes to depression. These changes contrast with the lack of significant changes in 5-HT 7 [F(1,8) = 0.16, p > 0.05, Fig. 2C ].
We next performed IHC of SERT in the KO and control mice (n = 3 /group). In the wildtype mice, SERT immunoreactivity was most prominent in nerve fibers in the lacunosummolecular layer. A lower density of SERT staining was seen throughout other areas of the hippocampus, with the exception of the pyramidal layer. Besides immunopositive fibers, neuronal cell bodies in the cornus ammons (CA1, CA2 and CA3) also showed SERT immunoreactivity. In the KO mice, there was an increase of SERT immunofluoresence in the lacunosum-molecular layer (LMol) as compared with the normal mice. However, there was a decrease of neuronal soma staining in the pyramidal layer as well as fiber staining in the oriens and radiate layers of the CA1 that are adjacent to CA2. Figure 3 (A-F) shows representative overviews of hippocampi in three different sets of mice. Overall, the increase of SERT in the LMol traversed by the perforant path suggests an increased input from the entorhinal cortex to the hippocampus. Axons of the perforant path synapse in the LMol, with dendrites projecting from the pyramidal layer, particularly CA1.
The mRNA for SERT in hippocampal homogenates did not differ between the KO (2.88 ± 0.62) and control (3.58 ± 0.30) groups (n = 5 /group). This may be a result of region-specific changes (increase in LMol but decrease in DG and Mol). It may also suggest that the changes of SERT mainly occur at the post-transcriptional level during receptor trafficking.
Response of IL15Rα KO mice to fluoxetine (Prozac), a classical SSRI antidepressant
Altered SERT turnover has been shown with citalopram, a selective serotonin reuptake inhibitor (SSRI) (Lau et al. 2008) . To test whether SSRI modulates the depressive-like behavior in the IL15Rα KO mice, two groups of mice were studied (n = 9 /group). Wildtype and KO mice were subjected to the tail suspension test both before and after fluoxetine treatment. In the wildtype mice, fluoxetine did not induce a significant change in the time of immobility [F(1,16) = 1.9, p > 0.05]. In the KO mice, there was a significant treatment effect with reduction of immobility [F(1,15) = 10.1, p < 0.01]. IL15Rα KO mice showed a significantly longer duration of immobility than the wildtype mice in both pre-(p < 0.005) and post-tests (p < 0.05). Thus, fluoxetine treatment resulted in a significant improvement in the IL15Rα KO mice during the test period of 6 min (Fig. 4) .
IL15 treatment improves immobility
In mice, depressive-like behavior can be induced by forced swimming (Lucki 1997; Cryan et al. 2002; Gourley et al. 2008; Pouladi et al. 2009 ). We used the Nomura water wheel test to induce depressive-like behavior in normal adult C57 mice. Mice were subjected to the Nomura water wheel pre-test. Afterwards, mice were treated with IL15 (100 ng/mouse ip daily) for 3 consecutive days (n = 9) and subjected to the test again. Results showed that IL15 treatment significantly increased the number of wheel rotations in comparison with the pretreatment baseline ( Fig. 5A , p < 0.05).
To show that the effect of IL15 was specific and mediated by IL15Rα, the IL15Rα KO mice were studied in parallel (Fig. 5B , n = 5). IL15 treatment did not improve the water wheel rotations of IL15Rα KO mice. This provides a negative control, further indicating the specificity of the findings on normal C57 mice.
IL15 treatment directly reduces the synaptosomal uptake of 5-HT
Synaptosomes from normal mouse forebrain were prepared and divided into two groups for either IL15 (10 ng/ml) or PBS treatment (n = 5 /group). After 30 min of IL15 treatment, [ 3 H]5-HT uptake was determined in the presence of IL15 or PBS co-treatment for 20 min. Figure 6A shows that IL15 treatment induced a significant reduction of 5-HT uptake [F(1,8) = 5.7, p < 0.05]. The results suggest that IL15 increases 5-HT concentrations in the synaptic cleft and prolongs the duration of antidepressive actions. However, in the forebrain synaptosomes prepared from the KO mice (Fig. 6B) , there was also a decrease of 5-HT uptake [F(1,8) = 6.1, p < 0.05] . This indicates that the KO mice showed compensatory changes to prolong 5-HT concentrations in the synaptic cleft, and that the acute treatment effects of IL15 in synaptosomes may not be mediated by IL15Rα.
IL15 induced dose-and time-dependent changes in proteins involved in 5-HT transmission in GT1-7 cells
IL15 treatment appears to induce dose-and time-dependent changes of all target proteins. The level of 5-HT 1A showed a transient decrease at 30 min by both doses. 5-HT 1C was increased by the low dose but decreased by the high dose. SERT was increased by the low dose but unchanged by the high dose. By contrast, IDO showed an overall increase at later time points by both doses (Fig. 7A-B ). Since the cell culture results showed a different trend from those from mice or synaptosomes, transcriptional regulation of these proteins was further determined by qPCR analysis. The mRNA for 5-HT 1A showed a tendency to increase over time (10 min -3 h), though it was not statistically significant. By contrast, 5-HT 2C mRNA was significantly elevated during the first hour after IL15 treatment (p < 0.01). However, this increase was reversed at 3 h (p < 0.01). SERT mRNA showed a different pattern, with a significant increase at 30 min after IL15 treatment (p < 0.005) and return to baseline by 3 h (Fig. 7C ).
Discussion
Animal models of depression approximate aspects of the depressed mood in humans (Porsolt et al. 1977; Rotzinger et al. 2010) . The modified Nomura water wheel test is suitable to determine behavioral changes in response to escapable stress (Nomura et al. 1982; Kastin et al. 1984 ) and the acute, inescapable stress of tail suspension provides a reliable test of a different aspect of immobility (Steru et al. 1985; El Yacoubi. et al. 2003; Andreasen and Redrobe 2009 ). In both of these tests we found that IL15Rα KO mice had a significant increase of immobility time, suggestive of a depressive phenotype. The social interaction test, reflecting social anxiety as well as other aspects of social interactions (Kennett et al. 1997) , showed that these KO mice also had reduced interest in interacting with strangers.
The depressive-like behavior of IL15Rα KO mice was opposite to the results with other proinflammatory cytokines. Both TNFR1 KO and TNFR2 KO mice have reduced depression shown by increased mobility in the forced swimming test (Simen et al. 2006 ). IL1R1 KO mice have decreased anxiety behavior and impaired fear memory, although there are no changes in depressive-like behavior (Koo and Duman 2009) . IL15/IL2-Rβ KO mice show deficits in prepulse inhibition in the acoustic startle reflex, and exhibit less anxiety in the elevated plus maze test (Petitto et al. 2002) . In addition, KO mice lacking the shared gamma common chain (IL2Rγc) for IL15, IL2, and other cytokines in this family also display depressive-like behavior in forced swimming tests . By comparison, the IL15Rα KO mouse shows a more profound depressive-like behavior. This represents an important "antidepressant" role for a specific cytokine receptor shown for the first time by the depressive-like behavior resulting from deletion of the receptor. Depressivelike changes in otherwise normal appearing mice suggest a prominent role of IL15Rα in maintaining normal affective behavior in the non-stressed situation.
Serotonin is the best studied neurotransmitter in depression, and SSRIs are effective in the mouse forced swim test (Redrobe et al. 2005) . We chose to study three serotonin receptor subtypes representative of different mechanisms of action and different roles in depression. We focused on the hippocampus, an area known to be involved in depression (Clark et al. 2009 ). The results show that 5-HT 1A mRNA was decreased in the hippocampus of the IL15Rα KO mice. This is consistent with reports that the absence of 5-HT 1A leads to depression (Heisler et al. 1998; Zhuang et al. 1999) , and that 5-HT 1A binding is decreased in major depressive disorders (Savitz et al. 2009 ). Elevated 5-HT 2C , as seen in this study, is also associated with increased depression and anxiety, whereas antagonists to 5-HT 2C show anxiolytic effects in the social interaction test (Kennett et al. 1997) .
The action of serotonin is terminated by reuptake, and SERT (SLC6A4) plays a major role (Chen et al. 2004 ). IHC of IL15Rα KO mice showed that the increased expression of SERT was region-specific and mainly present in the stratum lacunosum-moleculare where the perforant path synapses. The increased SERT (+) input to the hippocampus (mainly from the entorhinal cortex) is not inconsistent with the reduction of SERT staining in CA1 adjacent to CA2. Activation of CA1 neurons by the perforant path is limited and dependent on the generation of dendritic spikes (Jarsky et al. 2005) . Fluoxetine blocks 5-HT 2C action, shown by inhibition of 3 H-5-HT binding to 5-HT 2C in Hela cells and rat cortical membranes, and reduction of 5-HT-induced electrophysiological response of 5-HT 2C in Xenopus oocytes (Ni and Miledi 1997) .
SERT trafficking may not be relevant to this, and there might be multiple compensatory changes of the serotonin system in mice with embryonic IL15Rα deletion. Regardless, fluoxetine (Prozac), a classic SSRI effective in patients with depression, significantly reduced the depressive-like behavior of the IL15RKO mice. Unlike IL15, fluoxetine is obviously not dependent on the cognate receptor for IL15 (IL15Rα) for its effects on serotonin and depression. It is not clear why fluoxetine did not affect the behavior of wildtype mice even though the same treatment regimen was effective in other studies (Holladay et al. 1998; Liu et al. 2010) .
The effects of IL15 on the serotonergic system may lie in the modulation of serotonin synthesis, receptors, or turnover by SERT-mediated reuptake. In the synaptosomal studies, IL15 acutely decreased 5-HT uptake. This indicates that IL15 might have decreased the intracellular trafficking of 5-HT receptors or decreased the functions of SERT. IL15 treatment studies in cultured GT1-7 neurons that are known to express serotonin receptors, however, showed that the changes were dependent on the duration of treatment, and perhaps concentrations of IL15 as well. Although cultured neurons of hypothalamic origin cannot completely duplicate in-vivo conditions, it is apparent that IL15 can directly affect the neuronal serotonin system. Interestingly, the decrease in 5-HT uptake in synaptosomes from the IL15Rα KO mice was greater than that from the wildtype controls. Since we studied pooled synaptosomes from the entire forebrain rather than those from hippocampus because of limitations in sample preparation, the results reflect the overall changes inclusive of all forebrain regions. In addition, the decrease of 5-HT uptake in the KO mice may suggest compensatory changes as a consequence of embryonic IL15Rα deletion.
It is possible that other neurotransmitter systems are also implicated in the depressive-like behavior of the KO mice. In support of this possibility, the IL15Rα KO mice also show reduction of GABA and altered GAD-67 expression in the hippocampus , and have changes in thermoregulation and metabolic activities (He et al. 2010b ). IL15 probably modulates the actions of multiple neurotransmitters by its unique effects on the solute carrier SLC6A family.
In summary, we provide the first evidence that IL15Rα knockout induces a paradoxical depressive phenotype, with the mice showing increased immobility and decreased social interactions. The worsening of behavioral performance was partially reversed by fluoxetine. Concurrently, there was reduced 5-HT 1A receptor expression, increased 5-HT 2C , and altered distribution of SERT in the hippocampus. Synaptosomal 5-HT uptake was decreased in the KO mice and in the normal mice after IL15 treatment, suggesting that an acute effect of IL15 on SERT does not require IL15Rα. Neuronal serotonin receptors and SERT responded to IL15 with time-dependent changes. Overall, IL15 interacts with the 5-HT system to maintain mood stability. This opens a new direction for combating depression with novel strategies to boost the brain's intrinsic antidepressive system, including cytokines like IL15. Performance of IL15Rα KO mice in tests to evaluate depressive-like behavior. (A) In the Nomura water wheel test, there were strain and time differences in paddling the water wheel (n = 8 /group). The IL15R KO mice paddled more in the first 2 min, but showed no activity in the last 2 min. Inset: rotarod test in female KO and wildtype mice showing no difference in latency to fall. (B) In the Nomura water wheel test, both male and female KO mice showed a reduction of paddling and a corresponding increase of immobility in the last 2 min. (C) In the tail suspension test, the KO mice had a longer duration of immobility at all time intervals tested (0-2, 0-4, and 0-6 min). (D) In the social interaction test, The KO mice had a significant reduction of social interactions with their cage mates. *: p < 0.05; **: p < 0.01; ***: p < 0.005. Level of mRNA expression of serotonin receptors in hippocampus (n = 5 /group). In comparison with the wildtype controls, the KO mice showed (A) reduced 5-HT 1A , (B) increased 5-HT 2C , and (C) unchanged 5-HT 7 . *: p < 0.05; **: p < 0.01. Distribution of SERT immunofluorescence in the hippocampus as shown by confocal microscopy. CA: cornus ammons. D3V: dorsal 3 rd ventricle. DG: dentate gyrus. LMol: stratum lacunosum-moleculare. Mol: stratum moleculare of dentate gyrus. Or: stratum oriens. Py: pyramidal cell layer. Rad: stratum radiatum. (A) In normal mice (upper panel), SERT immunoreactivity was mainly present in fibrous processes but can also be seen in neuronal soma. The highest level of expression was in the LMol. SERT (+) fibers could be seen throughout the hippocampus except in the pyramidal layer, which showed amorphous and weaker SERT immunoreactivity. In the KO mice (lower panel), there was increased SERT intensity in the LMol (arrow). Decreased neuronal soma and fibrous staining of SERT can be seen in the CA1 pyramidal layer adjacent to CA2 (arrow heads). Scale bar: 250 µm. Confocal aperture (C.A.) of scan unit for obtaining image: 400 µm. Effects of the serotonin reuptake transport inhibitor fluoxetine on time of immobility in the tail suspension test (n = 9 /group). In the KO mice, fluoxetine decreased the time of immobility when the mice were retested 30 min later (p < 0.05). In the wildtype mice, fluoxetine did not induce significant changes. *: p < 0.05; ***: p < 0.005 when the KO mice were compared with the respective control group. Effect of IL15 treatment on wildtype and IL15Rα KO mice. After IL15 treatment for 3 days, B6 mice showed significantly improved performance in the Nomura water wheel test for depression (A, n = 9 /group). By contrast, IL15Rα KO mice did not show any improvement (B). *: p < 0.05. Effects of IL15 treatment or IL15Rα deletion on synaptosomal [ 3 H]5-HT uptake. (A) in synaptosomes prepared from B6 mice, IL15 (10 ng/ml) pretreatment for 30 min and cotreatment for 20 min resulted in a significant decrease of 5-HT uptake in comparison with PBS vehicle treatment (n = 5 /group). (B) [ 3 H]5-HT uptake by synaptosomes from the KO mice was also significantly lower than that from the wildtype controls (n = 5 /group). *: p < 0.05. 
